Ϫ cotransporter enhances NBCe1-mediated HCO3 Ϫ influx in the rat heart.
INTRACELLULAR PH (pH i ) is an important modulator of the excitation and contraction process in the heart. Ion transporters of the SLC4 (AE, NBC), SLC26A (SLC26A6), and SLC9 [Na ϩ /H ϩ exchanger (NHE1)] families support the delicate control of cardiac pH i (3, 16, 47) and attenuate the adverse effects of large changes in pH i gradients due to poor H ϩ mobility (44, 48) . Two major transporters are responsible for acid extrusion in cardiomyocytes, the NHE1 and the Na ϩ / HCO 3 Ϫ cotransporter (NBC), which transports H ϩ out and HCO 3 Ϫ into the cell, respectively (13, 23) . Different NBC isoforms catalyzed the Na ϩ -coupled HCO 3 Ϫ movement in the heart, the electrogenics NBCe1 (NBC1) (12, 34) , and NBCe2 (NBC4) (33, 51), encoded by the SLC4A4 gene (12) and the SLC4A5 gene (33, 37), respectively, and the electroneutral NBCn1 (NBC3), encoded by the SLC4A7 gene (11) . In recent studies, however, we only identified functional NBCe1-dependent electrogenic Na ϩ /HCO 3 Ϫ cotransport movement in isolated cardiomyocytes (15) , which questioned the functional role of NBCe2 in the mammalian heart, as previously suggested (52) .
Carbonic anhydrases (CA) catalyze the reversible hydration of CO 2 , contributing to HCO 3 Ϫ and H ϩ formation. Sixteen members of the CA family differing in their catalytic activities, tissue distribution, and subcellular localization have been characterized in mammalian cells (42) . Besides the expression of mitochondrial CAV (17) and intracellular CAII (2) cardiac cells express membrane-anchored CAIV, and transmembrane CAIX and CAXIV (38) . CAIV, CAIX, and CAXIV are expressed in different subcellular compartments within heart cells (38) , suggesting divergent functions of the enzymes in relation to the contractile function of the cardiomyocytes.
CA enzymes and HCO 3 Ϫ bicarbonate transporter (BT) proteins are functionally coupled; CA alternatively produces or consumes HCO 3 Ϫ , the substrate for these transporters. Previously, the cytosolic CAII enzyme was found to form a complex with the kidney variant of NBCe1 (kNBC1), functioning as a HCO 3 Ϫ transport metabolon (BTM). Moreover, coexpression of CAI, or CAII, or CAIII and NBCe1 worked as a functional complex in the Xenopus laevis oocyte system (5, 39) . Conversely, Lu and collaborators (26) did not find any functional implication when CAII and NBCe1 were coexpressed in the same system. In addition, physical interactions between NBCe1 (NBC1b) and CAIV were demonstrated in renal tissues (4) . CAIV and NBCe1 interact at the plasma membrane of cells, and this interaction is required for full NBCe1 activity (4) .
Transmembrane CAIX is localized almost exclusively to the t-tubular region of cardiac muscle (38) and skeletal muscle cells (19) . We have recently localized NBCe1 to t-tubules and sarcolemmal membranes of isolated cardiomyocytes (15) . The similar cardiomyocyte localization pattern and previously reported interaction of NBCe1 and CAs into BTM (4) suggest that NBCe1 might functionally and structurally associate with CAIX in the heart. To examine whether NBCe1 and CAIX physically associate in the heart, coimmunoprecipitation ex-periments were performed using rat ventricular lysates and transfected HEK293 cells. We found that NBCe1 could be coimmunoprecipitated using anti-CAIX antibody in the rat heart and in the HEK293 cells heterologous expression system.
Without the help of crystal structures, the identification of particular NBCe1 protein regions exposed to the extracellular milieu with the only assist of molecular and biochemical approaches is not definitive. On the basis of previous topology studies of the human AE1 Cl Ϫ /HCO 3 Ϫ exchanger (55) , which is ϳ30% identical to NBCe1, extracellular loops 3 (EC3) and 4 (EC4) of NBCe1, could be assumed. In addition, we previously identified the NBCe1-EC4 region as responsible for the NBCe1/CAIV interaction (4) . Recently, Chen et al. (8) confirmed that the EC4 of NBCe1 is exposed to the extracellular fluid, directly or indirectly controlling the functional nature of the transporter.
In the present study we found that the extracellular EC4 region of NBCe1 binds CAIX. We also analyzed the NBCe1/ CAIX functional coupling by examining the effect of the CA inhibitors 6-ethoxyzolamide (ETZ) and benzolamide (BZ) on NBCe1 transport activity. Both the highly membrane-permeable ETZ and the poorly membrane-permeable BZ inhibited the NBCe1-mediated HCO 3 Ϫ transport in rat cardiomyocytes, to some extent, proving that transmembrane CAIX with a catalytic site facing the extracellular compartment favor the Na ϩ /HCO 3 Ϫ cotransport by NBCe1 in the heart.
MATERIALS AND METHODS
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Animal protocols were approved by the National University of La Plata School of Medicine Animal Policy and Welfare Committee and performed in accordance with established guidelines.
Cell isolation. Rat ventricular myocytes were isolated according to the technique previously described (1) .
Protein expression. HEK293 cells were individually transfected with human NBCe1 (4), or human CAIX (27), or individually cotransfected with NBCe1 and CAIX, cDNAs, using the calcium phosphate method (35). Cells were grown at 37°C in 5% CO 2 in DMEM, supplemented with 5% (vol/vol) FBS and 5% (vol/vol) FCS.
Immunodetection. Ventricular lysates or transfected HEK293 cells were washed with PBS containing (in mM) 140 NaCl, 3 KCl, 6.5 Na 2HPO4, 1.5 KH2HPO4 (pH 7.4) and prepared by addition of SDS-PAGE sample buffer [20% (vol/vol) glycerol, 2% (vol/vol) 2-mercaptoethanol, 4% (wt/vol) SDS, 1% (wt/vol) bromophenol blue, and 150 mM Tris (pH 6.8)]. Before analysis, samples were sheared through a 26-gauge needle (Becton Dickinson) and heated to 70°C for 5 min. Samples were resolved by SDS-PAGE on 8% acrylamide gels. Proteins were transferred to polyvinylidene difluoride (PVDF) membranes by electrophoresis for 1 h at 100 V at room temperature, in buffer composed of 20% (vol/vol) methanol, 25 mM Tris, and 192 mM glycine. PVDF membranes were blocked by incubation for 1 h in Tris-buffered saline-Tween (TBST)-M buffer [TBST buffer 0.1% (vol/vol) Tween 20, 137 mM NaCl, and 20 mM Tris (pH 7.5)], containing 10% (wt/vol) nonfat dry milk and then incubated overnight in 10 ml TBST-M [5% (wt/vol) nonfat dry milk], containing mouse anti-CAIX (M75) monoclonal antibody (1:3,000 dilution) (27), or containing rabbit polyclonal anti-NBCe1 antibody (a-NBCe1; Millipore, Temecula, CA; 1:1,000), or rabbit polyclonal anti-NBCe1 (a-L4 NBCe1) antibody (1:500 dilution) (15) . Blots were incubated for 1 h with 10 ml of TBST-M containing 1:2,000 diluted donkey anti-mouse IgG conjugated to horseradish peroxidase, or 1:2,000 diluted donkey anti-rabbit IgG conjugated to horseradish peroxidase. Blots were visualized and quantified, using ECL reagent and a Chemidoc Image Station (Bio-Rad).
Coimmunoprecipitation. Two days posttransfection, cells were washed with PBS 4°C and detergent solubilized by addition of 250 l of immunoprecipitation buffer [1% Igepal, 5 mM EDTA, 0.15 M NaCl, 0.15% deoxycholate, and 10 mM Tris (pH 7.5)], supplemented with protease inhibitors (Mini Complete; Roche Molecular Biochemical). Lysates were incubated with goat anti-CAII antibody, or goat anti-CAIV antibody, or goat anti-glial fibrilar acidic protein antibody, or with anti-CAIX monoclonal antibody, which recognize the proteoglycan-like attachment domain (M75), and protein G Sepharose resin at 4°C for overnight. Resin was washed and then resuspended in SDS-PAGE sample buffer. Samples were electrophoresed on 7.5% acrylamide gels. Immunoblots were probed with an anti-NBCe1 antibody (Millipore; 1:1,000).
Glutathione-S-transferase pull-down assay. Bacterial expression constructs encoding BT extracellular loop glutathione-S-transferase (GST)-fusion proteins GST-AE1EC4, GST-NBC1EC3, and GST-NBC1EC4 were expressed and purified as previously described (4, 40) . The same molar amount (2 nmol) of each of the GST-fusion proteins was bound to 100 L of glutathione Sepharose 4B resin (50% slurry equilibrated with PBS; Amershan Biosciences). CAIX-transfected HEK293 cells were lysed with 500 l of lysis buffer [50 mM Tris·HCl, 5 mM EDTA, 0.1 M NaCl, and 1% Triton X-100 (pH 7)] and incubated with GST-loops of AE1 and NBC1 proteins resin overnight, washed, and eluted with SDS-PAGE sample buffer, and incubated at 65°C for 5 min.
Assay of NBCe1 activity in HEK293 cells. NBCe1 activity was monitored using a fluorescence assay (15) . Briefly, HEK293 cells grown to ϳ30% confluence were transiently transfected with NBCe1 or CAIX, cDNAs, respectively, or cotransfected with NBCe1 and CAIX cDNAs. Two days posttransfection, cells were incubated with 2 M BCECF-AM (37°C, 20 min), washed, and resuspended in a HEPES buffer containing (in mM) 133 NaCl, 5 KCl, 1.2 MgSO 4, 0.8 MgCl2, 10 glucose, 1.35 CaCl2, and 10 HEPES (pH 7.35) with 5 mM NaOH (total Na ϩ 138 mM). Cells were acid loaded by incubation in a HEPES buffer containing 20 mM NH4Cl for 5 min, followed by the wash-out of NH4Cl in a Na ϩ -free HEPES buffer to maintain acidity (external NaCl was replaced completely with CholineCl). The pH of the Na ϩ -free HEPES-buffered solution was titrated to pH 7.35 with Tris base. Finally, the cells were placed in a cuvette and perfused with a 5% CO2/air-equilibrated HCO3 Ϫ buffer containing (in mM) 118 NaCl, 4.5 KCl, 1.35 CaCl2, 20 NaHCO3, 1.05 MgSO4, and 10 glucose (pH 7.40). HCO3
Ϫ transport activity of NBCe1 was measured during the recovery from transient intracellular acidification in the presence of 30 M EIPA (Sigma) to block NHE activity. Experiments in transfected HEK293 cells were repeated in the presence of the CA inhibitor BZ (100 M) or repeated in the presence of the NBC blocker S0859 (60 M). Fluorescence was monitored in a Photon Technologies International RCR fluorimeter, at excitation wavelengths of 440 and 500 nm and an emission of 530 nm. Fluorescence ratios were converted to pHi by the nigericin/high K ϩ technique (46) at pH values between 6.5 and 7.5. Initial rate of pHi recovery from an acid load was calculated by fitting a linear regression of either the first 1 min of the pHi recovery after maximum acidosis. Rates of HCO3 Ϫ influx (JHCO 3
Ϫ
; in mM/min) were estimated as described previously (4) . The transport activity of sham-transfected cells was subtracted from the total rate to ensure that these rates consisted only of NBCe1 transport activity.
pHi measurements in isolated adult rat cardiomyocytes. pHi was measured in single myocytes with an epifluorescence system (Ion Optix, Milton, MA) using the previously described BCECF technique (14) . Briefly, myocytes were incubated at room temperature for 30 min with 10 M BCECF-AM followed by 30-min washout. Dyeloaded cells were placed in a chamber on the stage of an inverted microscope (Nikon TE 2000-U) and continuously superfused with a solution containing (in mM) 5 KCl, 118 NaCl, 1.2 MgSO4, 0.8 Cl2Mg, 1.35 Cl2Ca, 10 glucose, and 20 NaHCO3 (pH 7.4) after continuous bubbling with 5% CO2 and 95% O2. Myocytes were stimulated via two-platinum electrodes on either side of the bath at 0.5 Hz. Dual excitation (440 and 495 nm) was provided by a 75-watt Xenon arc lamp and transmitted to the myocytes. Emitted fluorescence was collected with a photomultiplier tube equipped with a band-pass filter centered at 535 nm. The 495-to-440 nm fluorescence ratio was digitized at 10 kHz (ION WIZARD fluorescence analysis software). At the end of each experiment, the fluorescence ratio was converted to pH by in vivo calibrations using the high K ϩ -nigericin method (31).
Potassium pulse. To further evaluate the activity of the electrogenic NBCe1, we performed a potassium pulse. Increasing isotonically extracellular K ϩ [K ϩ ]o from 5 to 45 mM produced a depolarization of ϳ60 mV that enhanced the NBCe1 activity and in turn elevated pHi. High K ϩ was applied for 14 min, and during this period the pHi was recorded. Data were expressed as increase of pHi units compared with the zero time point in high K ϩ solution. The HCO3 Ϫ -buffered solution used in the K ϩ -induced depolarization experiments contained (in mM) 118 NaCl, 5 KCl, 1 MgSO4, 0·35 NaH2PO4, 10 glucose, 40 CholineCl, and 20 NaHCO3 (pH 7.4) after continuous bubbling with 5% CO2-95% O2. K ϩ -induced depolarization was assessed by replacing 40 mM CholineCl with 40 mM KCl, maintaining ionic strength. Potassium pulses were repeated in the presence of BZ (100 M) or in the presence of 6-ethoxyzolamide (ETZ, 100 M). Other experiments were performed in the presence of the NHE inhibitor HOE642 (cariporide, 10 M) or in the presence of the NBC blocker S0859 (10 M).
Double immunostaining of rat cardiac myocytes and HEK293. Isolated adult rat cardiomyocytes or cultured HEK293 cells transfected with NBCe1 or CAIX, or cotransfected with NBCe1 and CAIX, were fixed to laminin-coated coverslips and permeabilized as previously described (15) . Myocytes and HEK293 cells were incubated with a combination of rabbit a-L4 NBCe1 antibody and mouse anti-CAIX antibody. Combined primary antibodies were used at 1:100 dilutions. Secondary chicken anti-rabbit conjugated to Alexa fluor 488 and chicken anti-mouse conjugated to Alexa fluor 594 was used at 1:200 dilutions. Coverslips were washed three times in PBS containing 0.2% gelatin and mounted and viewed with a confocal microscope. Immunostained cells were mounted in Prolong anti-fade solution (Molecular Probes, Eugene, OR) and imaged with an Olympus Bx61 laser-scanning confocal microscope imaging system. Images were collected with an oil immersion ϫ60 1.4 objective (numerical aperture 0.2, plan Apochromat, Zoom 1.5ϫ). Images were captured in a sequential manner and analyzed with the Fluoview 3.3 Software.
Colocalization analysis. For the colocalization assay of isolated rat cardiomyocytes, collected images were analyzed using the colocalization tool of the Image-Pro Plus software, as previously described (50) . Colocalization statistics were determined from the points included within regions on interest covering the entire area of the cardiomyocyte and presented as Pearson's correlation values that can vary between zero and one. Pearson's correlation reflects the linear relationship between two variables. A correlation of zero means that there is no linear relationship between the variables, whereas a correlation of one indicates a perfect positive linear relationship.
Statistics. Data were expressed as means Ϯ SE and were compared with Student's t-test or one-way ANOVA followed by NewmanKeuls Multiple Comparison post hoc test. A value of P Ͻ 0.05 was considered statistically significant (2-tailed test).
RESULTS

Interaction of NBCe1 and carbonic anhydrases in the rat
heart. The interaction of the NBCe1 Na ϩ /HCO 3 Ϫ cotransporter with different CAs has not been explored in cardiac tissues. Cardiomyocytes express NBCe1 (15, 53) and different CAs, namely CAII, CAIV, CAIX, and CAXIV (2, 38). Herein we explore the physical coupling of NBCe1 and CAs in rat heart lysates, by coimmunoprecipitation using specific antibodies. NBCe1 was immunoprecipitated by anti-CAII and anti-CAIV antibodies, revealing association of NBCe1 with cytosolic and glycosyl-phosphatidyl-inositol-anchored CA enzymes, respectively (Fig. 1A) . Interestingly, NBCe1 immunoprecipitated with anti-CAIX antibody, thus indicating that NBCe1 and CAs present in different cellular compartments interact in the heart muscle ( Fig. 1A) . To examine immunopreciptation specificity, heart lysates were immunoprecipitated in the absence of antibody or immunoprecipitated using the irrelevant goat anti-glial fibrilar acidic protein antibody, which likes anti-CAII and anti-CAIV, is a goat polyclonal antibody. When probed with an anti-NBCe1 antibody (a-L4 NBCe1), no immunoreactive material was detected at the molecular weight of NBCe1 (Fig. 1A,  right) . Immunoblots of heart lysates and NBCe1-transfected HEK cells, or CAIX-transfected HEK cells, revealed immunoreactive bands of ϳ130 and 50 kDa, corresponding to NBCe1 and CAIX, respectively (Fig. 1, B and C) .
CAIX interacts in HEK293 cells with coexpressed NBCe1. Physical interactions between the NBCe1 Na ϩ /HCO 3 Ϫ cotransporter and CAIX were next investigated in the HEK293 heterologous cell expression system. HEK293 cells were individually transfected with NBCe1 or CAIX, cDNAs, or cotransfected with CAIX and NBCe1 cDNAs. The M75 anti-CAIX antibody, which recognizes the extracellular CAIX catalytic domain and that does not cross-react with AE anion transporters or with CAII (27), was utilized herein for immunopreciptation experiments. Anti-CAIX antibody was able to precipitate NBCe1 in a manner fully dependent on coexpression of CAIX ( Fig. 2A) . However, NBCe1 failed to be immunoprecipitated from NBCe1/CAIX expressing cells when M75 was omitted. Similar amounts of NBCe1 polypeptide, measured in arbitrary units per microgram of protein were expressed in cell lysates transfected with NBCe1 alone (122 Ϯ 3; n ϭ 3), or in cells cotransfected with NBCe1 and CAIX, cDNAs (118 Ϯ 10; n ϭ 3) (Fig. 2B) . In addition, similar amounts of CAIX were expressed in cell lysates transfected with CAIX cDNA alone (147 Ϯ 4 AU.g Ϫ1 ; n ϭ 3), or lysates of cells coexpressing NBCe1 and CAIX polypeptides (136 Ϯ 13 AU.g Ϫ1 ; n ϭ 3) (Fig. 2C) . Immunoblots of cells transfected with empty vector (pcDNA3) did not show endogenous levels of either NBCe1 or CAIX (Fig. 2, B and C) . These experiments revealed that CAIX forms a stable complex with NBCe1, when heterologously expressed in HEK293 cells.
GST pull-down assays of NBCe1/CAIX interaction. We characterized here the binding of the transmembrane CAIX to the NBCe1 Na ϩ /HCO 3 Ϫ cotransporter, in the rat heart muscle and the HEK293 cells expressing system. Complementary experiments were performed to establish which part of the NBCe1 cotransporter mediates the interaction with CAIX. CAIX is a transmembrane protein with an extracellular proteoglycan attachment-like domain, an extracellular catalytic domain, a single transmembrane domain, and a short intracellular domain (28, 29). Because EC3 and EC4 are predicted the biggest extracellular structures in AE (18, 55) and NBCe1 (4, 8, 54) , these loops most likely mediate the interaction with CAIX. Therefore, GST-fusion proteins corresponding to EC4 of AE1, and EC3 and EC4 of NBCe1 (GST-AE1EC4, GST-NBCe1EC3, and GST-NBCe1EC4, respectively) were used in GST-pull-down experiments. Cell lysates prepared from HEK293 cells transfected with CAIX cDNA or sham-transfected cells (not shown) were applied to the GST-extracellular loops immobilized on glutathione resin. Proteins were then eluted with SDS-PAGE sample buffer, resolved by SDS/PAGE, blotted to a PVDF membrane, and probed for CAIX. GST-AE1EC4 and GST-NBC1EC4 bound similar amounts of CAIX, whereas binding by GST alone or GST-NBCe1EC3 was negligible (Fig. 3A) . Amino acid sequence alignment (CLUSTAL W Multiple Sequence Alignments; www.genome.jp/tools/clustalw) in Fig. 3B shows a sequence similarity in the EC4 region of AE3 and AE2 BT, in addition to AE1 and NBCe1. AE2 and AE3 were found to interact with CAIX, as demonstrated by coimmunoprecipitation experiments of HEK293 cotransfected with AE2 and CAIX or cotransfected with AE3 and CAIX, cDNAs, respectively (27). On the basis of the GST-pull-down assays presented above we could speculate that EC4 of AE2 and AE3 may be involved in the interaction with CAIX. In contrast, the SLC26A7 Cl Ϫ /HCO 3 Ϫ exchanger, which has different amino acid composition in its transmembrane region and did not align A: equimolar amounts of glutathione-S-transferase (GST) fusion proteins corresponding to the putative third (EC3) or fourth (EC4) extracellular loop of NBCe1, and EC4 of AE1, GST alone were expressed in bacteria, purified, and individually bound to glutathione-Sepharose resin. Cell lysate of HEK293 cells transfected with CAIX cDNA was applied to the GST fusion proteins bound to the resins and incubated overnight. Eluted proteins were resolved by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes, and probed for CAIX. B: amino acid sequence alignment of putative EC4 of human AE1, AE2, AE3, and NBCe1 proteins performed by CLUSTALW 1.83 Multiple Sequence Alignments software. The SLC26A7 Cl Ϫ /HCO3 Ϫ exchanger is not related to AEs or NBCe1 proteins; thus there is not alignment possible (CLUSTALW). Sequence conservation is indicated by black rectangles (identical amino acids) and gray rectangles (similar amino acids). with AEs and NBCe1 (Fig. 3B) , did not form a stable complex with CAIX (27).
Analysis of NBCe1 and CAIX colocalization in rat ventricular myocytes. To examine the NBCe1/CAIX interaction in a physiological environment, the localization of NBCe1 relative to CAIX was studied in isolated adult rat ventricular myocytes. NBCe1 labeling was present in the cardiomyocyte border and invaginations that run toward the center of the cell (Fig. 4A) , a distribution consistent with the presence of NBCe1 in sarcolemma and t-tubules, respectively, as previously observed in cat cardiomyocytes (15) . CAIX, however, was not detected in the myocytes sarcolemmal margins (Fig. 4A) . Previously, CAIX was found associated with the terminal SR/t-tubules membranes but not sarcolemmal membranes of mouse cardiomyocytes (38) . Merged images of NBCe1 and CAIX showed that NBCe1 colocalized with CAIX in cardiomyocytes, to some extent, observed as an yellow striated labeling reminiscent of the t-tubular system (Fig. 4, A and B) . Specificity of the a-L4 NBCe1 (15) and CAIX (30) antibodies used in these studies has been documented. Isolated cardiomyocytes treated with secondary antibody and no primary antibody showed a faint nonspecific labeling (Fig. 4A, top) . On the basis of these immunocytochemistry experiments we suggest that the polyclonal a-L4 NBCe1 antibodies used here can still efficiently recognize NBCe1 even when some putative epitopes on the NBCe1 EC4 has been blocked by the attached CAIX.
Quantification of the colocalization of green channel pixels (NBCe1) with red channel pixels (CAIX) was performed using the Image-Pro Plus software, and the association degree of NBCe1 and CAIX was shown as a Pearson's correlation coefficient (r values) (Fig. 4C) , where the r values between ϩ0.7 Ϯ 1.0 indicate strong positive association. We found a high degree of colocalization of NBCe1 with CAIX (r ϭ 0.89 Ϯ 0.01, n ϭ 6), in rat cardiomyocytes. We further explored the localization of NBCe1 and CAIX in HEK293 cells transiently cotransfected with NBCe1 and CAIX cDNAs, by immunocytochemical analysis combined with confocal microscopy (data not shown). CAIX and NBCe1 proteins showed strong colocalization, as reflected by a high Pearson's coefficient (r ϭ 0.85 Ϯ 0.01, n ϭ 9) measured in NBCe1/CAIX expressing cells (Fig. 4D) .
We conclude that NBCe1 and CAIX colocalized in specific cardiomyocyte compartments and in the HEK293 cell expression system, suggesting interaction between both proteins. We have to point out, however, that the ability to measure colocalization is somehow limited by the resolution of the optical system. On the basis of its function and localization, we could infer a significant role for the NBCe1/CAIX complex in the cardiomyocyte excitation-contraction coupling process.
Determination of the NBCe1-mediated Na ϩ /HCO 3 Ϫ cotransport activity in rat cardiac myocytes and effect of CA inhibition. We examined NBCe1 transport activity by subjecting isolated cardiomyocytes to membrane potential depolarizing pulses. Figure 5A shows representative traces of a continuous pH i recording of rat myocytes exposed to a high extracellular K ϩ solution (45 mM) under control conditions, or in the presence of the permeable CA inhibitor ETZ (100 M), or the presence of the poor membrane-permeable CA inhibitor BZ (100 M). Previously, we found that hyperkalemic-induced depolarization of membrane potential resulted in an alkalization fully dependent upon activation of the NBCe1 Na ϩ / HCO 3 Ϫ cotransporter that was reversed following the washout of the high K ϩ solution (15) . Both ETZ and BZ CA inhibitors partially inhibited the hyperkalemic-induced NBCe1-dependent depolarization and consequent intracellular alkalinization, in isolated rat ventricular myocytes (Fig. 5A) . Membranepermeable ETZ inhibited NBCe1 activity by 65% compared with control, at the maximal alkalinization point registered (15 min; Fig. 5B ). Conversely, BZ inhibited the maximal NBCe1-mediated alkalinization by 35% compared with control. The results indicate that the activity of NBCe1 is maximized by CA. Differences in the inhibitory profile achieved by ETZ and BZ on NBCe1 activity could be explained by selective inhibition of intracellular (CAII) and extracellular (CAIV, CAIX, CAXIV) NBCe1-bound CAs in rat cardiomyocytes.
Under membrane potential depolarization conditions, the increased activity of the Na ϩ /K ϩ pump and the reduced inward electrochemical gradient for Na ϩ is expected to reduce intracellular [Na ϩ i ], which may affect Na ϩ /H ϩ exchange activity. Therefore, isolated rat myocytes were exposed to the high K ϩ solution to induce depolarization of membrane potential, in the presence of the NHE inhibitor HOE642 (10 M). Additional experiments of rat cardiomyocytes exposed to the K ϩ prepulse were performed in the presence of the specific NBC blocker S0859 (10 M; Fig. 5C and D) (7) . The observed increase in pH i under control conditions was blocked by pretreatment of the cells with the NBC inhibitor S0859, but not by the specific NHE inhibitor HOE642, indicating that this effect is mediated by selective activation of NBCe1 (Fig. 5C and D) .
Functional interaction between NBCe1 and CAIX in heterologous expression system. Functional interaction between CAIX and NBCe1 was studied in HEK293 cells, which do not express endogenous levels of either NBCe1 or CAIX proteins, as quantified on immunoblots (Fig. 6A) . Cotransfection of HEK293 cells with CAIX and NBCe1 reduced NBCe1 total protein expression compared with cells only transfected with NBCe1 (Fig. 6B) . In functional assays, HEK293 cells expressing NBCe1, or coexpressing NBCe1 and CAIX, were loaded with BCECF-AM fluorescent dye to measure pH i , maintained in a Na ϩ -free and HCO 3 Ϫ -free HEPES buffer and subjected to NH 4 Cl acid load. Subsequently, the cells were resuspended into a Na ϩ -containing HCO 3 Ϫ buffer, and the pH i recovery phase after the imposed acid load was continuously recorded (Fig. 6C ). Experiments were performed in the presence of the Na ϩ /H ϩ exchanger inhibitor EIPA (30 M) to avoid contribution of other alkaline loader mechanism express in HEK cells. The transport rate for HEK293 cells transfected with NBCe1 cDNA alone was 3.05 Ϯ 0.52 mM/min (n ϭ 7) after the correction for the recovery rate of cells transfected with empty vector (Fig. 6C and D) . Interestingly, coexpression of NBCe1 and CAIX significantly increased transport rates by approximately fourfold (12.1 Ϯ 0.45 mM/min; n ϭ 9), compared with cells expressing NBCe1 alone (Fig. 6C and D) . To further examine the role of CAIX in the transport rate by NBCe1, transport was measured in the presence of the CA inhibitor BZ. Benzolamide partially reduced NBCe1 transport activity in cells expressing CAIX (7.53 Ϯ 0.29 mM/min; n ϭ 9) (Fig. 6C) , which indicates that CAIX increases HCO 3 Ϫ fluxes by NBCe1. Conversely, BZ did not affect NBCe1 transport in cells transfected with NBCe1 alone, confirming the absence of endogenously expressed extracellular CAIV and transmembrane CAIX CA isoforms, and specificity on the effect that CAIX conferred to NBCe1. The stimulatory effect of CAIX on NBCe1-mediated HCO 3 Ϫ transport was blocked by the NBC inhibitor S0859 (60 M; Fig. 6D ). The S0859 compound is a selective high-affinity generic NBC inhibitor, which showed no inhibitory effect on CA activity in cardiac cells (7). Thus we consider that the ability of S0859 to block NBCe1 activity in our experiments is not secondary to an inhibition of CAIX.
Because HEK293 cells expresses endogenous levels of cytosolic CAII protein (41), we wanted to confirm that the effect of BZ on the NBCe1 transport in cells coexpressing NBCe1 and CAIX was not due to CAII inhibition. In addition, the ability of BZ to permeate cell membranes has been questioned before. Therefore, we measured the permeability of BZ using the response of pH i to a transient exposure to CO 2 /HCO 3 Ϫ , in HEK293 cells (Fig. 7) . Cells were kept under nominally HCO 3 Ϫ free conditions (HEPES buffer) and subsequently exposed to a solution containing 20 mM of HCO 3 Ϫ , bubbled with 5% CO 2 . Switching from HEPES to CO 2 /HCO 3 Ϫ induced a rapid and transient intracellular acidification due to CO 2 diffusion and its CA-dependent hydration followed by a pH i recovery, under control (DMSO, vehicle) conditions (Fig. 7A) . However, the membrane-permeable CA inhibitor ETZ slowed the pH i change and the recovery phase when cells were exposed to CO 2 /HCO 3 Ϫ . Interestingly, BZ effect was indistinguishably from control (Fig. 7A) . The maximal rate of pH i change during acidification was calculated under the different conditions and expressed as ⌬pH i /min (Fig. 7B) . These rates were similar in cells exposed to CO 2 /HCO 3 Ϫ in the absence or presence of BZ. Conversely, the maximal rate of pH i change for HEK cells exposed to the CO 2 /HCO 3 Ϫ solution in the presence of ETZ was significantly slowed (Fig. 7B) . Therefore, under our experimental conditions BZ shows little if any cell permeability and did not affect the endogenous CAII intracellular pool in HEK cells.
We propose that the functionally NBCe1-CAIX interaction forms an extracellular membrane protein complex involved in the regulation of bicarbonate metabolism and pH i in the heart.
DISCUSSION
Here, we explored the association of CAIX, which has been specifically localized to the terminal sarcoplasmic reticulum/ttubules system of the mouse heart (38) , and the NBCe1 Na ϩ /HCO 3 Ϫ cotransporter in the rat heart. The data presented here demonstrated that CAIX physically and functionally interacts with NBCe1 in rat ventricular muscle and isolated myocytes, by coimmunoprecipitation and recordings of pH i , respectively. Additionally, we corroborated the previously described association of the cytoplasmic CAII and the membrane anchored CAIV with NBCe1 in the heart. CAIX and NBCe1 colocalized in cardiomyocyte compartments reminiscent of t-tubules but not in the sarcolemma, by immunocytochemistry combined with confocal microscopy. Finally, CAIX bound to putative EC4 of NBCe1 in GST pull-down assays.
Transmembrane CAIX physically interacts with and functionally couples to other SLC4A polypeptides, namely AE1, AE2, and AE3 (27). The extracellular catalytic domain of CAIX is responsible for interaction with AE2, an association that occurs at the basolateral membrane of gastric parietal cells (27) . A recent report showed that CAIX forms a physical complex with the AE2 and NBCe1 BT at the leading edge of cells lamellipodia, contributing to cell migration via facilitation of ion transport and pH control of protruding cellular compartments (43) . Here, we showed that CAIX forms a BTM with the NBCe1 Na ϩ /HCO 3 Ϫ cotransporter, in the rat ventricular muscle. Coupling of CAIX and NBCe1 in the t-tubules of cardiomyocytes may serve to maximize the acid secretory capacity of the cell and participate in the movement of a CO 2 /HCO 3 Ϫ diffusional shuttle from the lumen of the tubule toward the interstitial space. The constant accumulation of H ϩ ions as the result of the contractile activity of the cardiac muscle cell may be optimally dissipated by the NBCe1/CAIX complex from the t-tubule environment (Fig. 8) . In addition, the NBCe1/CAIV metabolon also contribute to the H ϩ ions removal, an association that take place most likely at the sarcolemma of cardiomyocyte. A similar effective pathway of acid removal have been proposed for the CA-facilitated lactic acid transport in fast mouse extensor skeletal muscles, whereby about half of the CA-dependent muscular lactate flux occurs across the surface membrane, while the other half occurs through t-tubuli membranes (19) . Yet, on the basis of our functional data analyzed in the physiological context (cardiomyocytes) and with the use of widely characterized CA inhibitors, we found that CAs bound to NBCe1 enhance electrically coupled movement of HCO 3 Ϫ ions by the NBCe1 cotransporter. We propose that CAIX form a tight functional complex with NBCe1 and that the mechanism by which transmembrane CAIX regulate pH i in cardiomyocytes occurs through the efficient uptake of HCO 3 Ϫ locally formed in the ''mouth'' of the NBCe1 Na ϩ / HCO 3 Ϫ cotransporter by the CA. In addition, other BT expressed in cardiac muscle would bind to CAIX, forming other BTM and contributing to pH i regulation in the heart. This model proposes a local change of HCO 3 Ϫ gradient driven by the catalytic activity of extracellular CAIX created in a microenvironment such as the t-tubule and transported via the NBCe1 BT (Fig. 8) . Additional in vivo experiments, which corroborate this hypothesis, however, have not been explored in the present manuscript.
In this manuscript, we demonstrated that both BZ and a highly membrane-permeant inhibitor ETZ produced a slowing of NBCe1 in isolated cardiomyocytes and in HEK cells (Figs. 5 and Fig. 6 ). However, we are aware of the discussed BZ permeability in different cell systems. It could be argued that partial entry of BZ into cells has a submaximally inhibitory effect of intracellular CA. Thus, the observed BZ and ETZ may reflect inhibition of the same intracellular process that is unrelated to CAIX. To address this important issue we provided additional evidence that at least under our experimental conditions BZ was not able to access the intracellular CA pool, and therefore did not produce any slowing of pH i change in HEK cells exposed to an acid load (Fig. 7) . In addition, although BZ did not affect NBCe1-mediated HCO 3 Ϫ transport in NBCe1-transfected cells (Fig. 6) , ETZ significantly reduced the Na ϩ /HCO 3 Ϫ cotransport by NBCe1 (data not shown). As a limitation of our study, we have to stress out that neither ETZ nor BZ discriminate among different CA isoforms. Therefore, without the use of an isoform-specific CA inhibitor, the membrane-bound CA effect on NBCe1 transport activity could not be entirely attributed to CAIX.
The present study shows that CAIX is the extracellular component of the metabolon, which associates with NBCe1 to facilitate changes of pH i associated with changes in membrane potential upon exposure of cardiomyocytes to high K ϩ (Fig. 4) . In HEK293 expressing the AE1 Cl Ϫ /HCO 3 Ϫ exchanger, the total CA activity has been estimated to be in excess of HCO 3 Ϫ transport capacity (41) . Because NBCe1 has a lower turnover rate than AE1 and we assume comparable levels of NBCe1 expression to those for AE1, then NBCe1 is rate limiting to the combined action of CA catalysis and HCO 3 Ϫ transport. Increases of the NBCe1 activity will therefore increase the coupled flux from CA through the transporter. The rate of transport by NBCe1 in cardiomyocytes is proportional to the concentration gradient for HCO 3 Ϫ across the membrane; transport is maximized by high local concentration of HCO 3 Ϫ at the cis side (extracellular) of the membrane provided by the binding of CAIX/CAIV, and low HCO 3 Ϫ at the trans side (cytoplasmic), which is dissipated by the binding of CAII (Fig.  8) . The combined effects of CAII and CAIX/CAIV provide a push-pull effect on transport. All of the functional measurements relied on changes of pH i to report indirectly on the NBCe1-mediated HCO 3 Ϫ flux. It is therefore possible that the effects of CAIX/NBCe1 interaction that we have observed reflect an effect on cytosolic H ϩ handling within the cardiomyocytes rather than an effect on transport by NBCe1. However, we consider this unlikely because functional assays in the presence and absence of the poorly membrane-permeable CA inhibitor BZ showed that extracellular CAIX is required for the effects of CAIX on NBCe1-mediated pH i alkalinization.
Amino acids 766 -768 of human NBCe1 are involved in binding to CAIV (4). However, it is possible that additional portions of the NBCe1 extracellular surface are also involved in the CAIV interaction. Herein, we are reporting that EC4 of NBCe1 interacts with CAIX. A role of the large ECs in NBCe1 function, in substrate funnelling to the transport site, was suggested by the result that antibodies against EC3 or EC4 of NBCe1 were able to interfere with NBCe1 transport activity (15) . Although antibodies produced against EC3 blocked NBCe1 activity in a similar fashion to the stilbene-derivatives (6, 34), antibodies raised against a peptide corresponding to putative EC4 of NBCe1 produced an stimulatory effect on NBCe1 activity (15) . Similar function-blocking effects of antibodies directed against putative EC3 of the AE3 BT has been observed (9) . Functional implications of the putative large EC of NBCn1 and NBCe1 have been recently described (8) . EC4 of NBCe1, which is exposed to the extracellular fluid, was suggested to either contribute to the substrate-binding vestibule or indirectly influence substrate binding by interacting with different transmembrane segments, controlling the nature of the transport by NBCe1 (8) .
CAIX is a transmembrane protein with an extracellular proteoglycan attachment-like domain, an extracellular catalytic domain, a single transmembrane domain, and a short intracellular domain. We did not perform any experiments to identify the corresponding binding site of NBCe1 on CAIX. However, a previous study demonstrated that the CAIX catalytic domain contains the binding site for the AE2 Cl Ϫ /HCO 3 Ϫ exchanger (27). Interaction of CAIX with AE has features in common with AE/CAIV binding. CAIV and CAIX catalytic domains are both on the extracellular side of the plasma membrane. More importantly, cytosolic CAII, CAIV, and CAIX all interact through their catalytic domain with BT. When comparing the amino acid sequences of the entire human CAIX polypeptide or solely the CAIX catalytic domain with the mature form of human CAIV, there is only a 23% and 24% of identity, respectively (Multiple Sequence Alignment, ClustalW). Despite an apparent low percentage of identity between both CAs, the binding mode is conserved between CAIV and CAIX with both NBCe1 and AE1. Like CAIV, CAIX increases transport activity of AE1 (27) and NBCe1 when transiently expressed in HEK293 cells.
Pathophysiological role CAIX and NBCe1 in the heart. Changes of NBC expression have been associated with cardiac pathology. Levels of NBCe1 mRNA increased twofold in the rat left ventricle after myocardial infarction (36). Also, in human ischemic and dilated cardiomyopathic heart, which is commonly accompanied by hypoxia, NBCe1 mRNA expression increased, whereas mRNA level of NBCn1 remained unchanged (24). Conversely, in a rat model of pressure overload cardiac hypertrophy, hypertrophied myocytes showed a marked increased expression of NBCe1 and NBCn1 (52). In both nonischemic (52) or ischemic hypertrophic hearts (24, 36) Ϫ from the transport site. CAIX and CAII in the t-tubule and CAIV and CAII in the surface membrane of the cell cooperate to push bicarbonate to the transport site and then pull bicarbonate from the opposite side of the membrane. NBCe1 operates with a 1 Na ϩ :2 HCO3 Ϫ stoichiometry in the heart, as visualized in the figure. The structure attached to the CAIV represents the GPI anchor that couples CAIV to the lipid bilayer, and the structure protruding from the CAIX extracellular catalytic domain represents the transmembrane and cytoplasmic domains of the protein. Contorted line shows free diffusive movement of acid in the form of CO2, from the intracellular (in) to the extracellular (out) compartments of the cell. 49) , it also seems possible that chronic attenuation of Na ϩ influx via NBC may reduce remodeling as observed by NHE1 inhibition in rats subjected to myocardial infarction (25).
CAII and CAIV mRNA and protein levels rose in cultured neonatal and adult cardiomyocytes subjected to the hypertrophic phenylephrine (PE) and ANG II treatment, supporting the notion that CAII/CAIV activation is a component of the hypertrophic pathway (2) . Interestingly, the CA inhibitor ETZ both prevented and reversed PE-induced hypertrophy. In addition, ETZ and a related CA inhibitor methazolamide prevented hypertrophy in adult cardiomyocytes exposed to ANG II (2). However, regulation of the expression of the CAIX gene in cardiomyocytes following growth factor (PE, ANG II) stimulation was not explored in these studies.
CAIX gene is under control of the hypoxia-inducible factor 1 transcription factor and is associated with tumor cell growth and poor survival in patients with cancer (21, 45) . In addition, CAIX promoted tumor growth and conferred survival advantage to cells exposed to hypoxic and acidic microenvironments (10) . On the other hand, the contractile function of the heart is compromised under low O 2 content, and the lack of O 2 might be challenging for an organ that works under aerobic conditions. In this line, cultured cardiomyocytes and adult rats exposed to hypoxic conditions increased CAIX expression compared with cells or rats maintained in normoxia (20) . Also, chronic hypoxic conditions induce increase in the NBC expression in the human skeletal muscle (22).
According to the pathological conditions described above, upregulation of the NBCe1/CAIX metabolon upon pathological ischemic/hypoxic conditions would favor the hypertrophic growth of the heart.
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